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ABSTRACT 
 
Communication means everything. From vocalization to the firing of a 
neuron, coordination through the exchange of signals is essential to the survival 
of all living things. At the cellular level, communication is accomplished through 
the use of gap junction channels. Gap junctions are found in virtually all 
multicellular animals, where they play critical roles in developmental, 
physiological, metabolic, and even structural processes. From the maintenance 
of heart rhythms in humans, to the coordination of tissue regeneration in 
flatworms, and to the processing of visual stimuli in flies, the roles for gap 
junctions are diverse. However, how this diversity is accomplished is not fully 
understood. 
Throughout my dissertation, I have focused on the most ancient (and 
diverse) gap junction gene family, the innexins. I will present a case of diversity 
for the innexins within the complex relationship between insects and 
polydnaviruses and explore the potential of innexins as mediators for cellular 
immunity and parasite manipulation. In addition, I will discuss the implications for 
our discovery of a novel innexin. With a focus on a conserved innexin within a 
context that exhibits diversification, this work will serve as a starting point for 
predicting gap junction functions. 
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CHAPTER 1: 
INNEXIN GAP JUNCTIONS – AN ANCIENT AND DIVERSE GENE FAMILY 
 
Introduction 
 
Although recognized today, the idea of cellular cross talk was not apparent 
until the 1960’s. Gap junctions were first observed during a time that cells were 
largely regarded as individual units separated by membrane barriers of diffusion. 
It was not long until these structures were characterized as being molecular 
conduits that not only unified cells, but also coordinated the functioning of larger 
biological systems. We now know gap junctions are found in virtually all 
multicellular animals, where they play critical roles in developmental, 
physiological, metabolic, and even structural processes. However, how this 
functional diversity is accomplished is not fully understood. Here, I will review 
what we know about the most ancient (and diverse) gap junction gene family, the 
innexins. I will provide examples of the roles for innexins within the most diverse 
group of animals on earth – the insects and speculate on how an understanding 
of the mechanisms for diversity within this taxon may contribute to the discovery 
and prediction of gap junction functions. I will present research that will serve as 
a starting point for this understanding, and discuss the implications for our 
discovery of a novel innexin. Finally, I will present a case of diversity for the 
innexins within the complex relationship between insects and polydnaviruses and 
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explore the potential of innexins as mediators for cellular immunity and parasite 
manipulation. 
 
Gap junctions 
 
Innexins: from the beginning 
 
To understand (and fully appreciate) the diverse roles for gap junctions, 
we have to start with the fundamental question: Why did gap junctions evolve? 
To answer this question, we have to go back hundreds of millions of years to the 
origin of complex organisms. Following the acquisition of multicellularity, we can 
imagine a gradual increase in morphological complexity to adapt to new 
ecological niches (Rokas, 2008). Along with the acquisition of complex 
morphological structures came the need to establish fundamental cell-cell and 
cell-matrix adhesion and communication mechanisms. This likely gave rise to 
various novel proteins, including the innexin gap junctions (Chapman et al., 2010; 
Srivastava et al., 2010). As these early metazoans continued to occupy new 
ecological niches, independent duplication events presumably gave rise to 
numerous lineage-specific innexin paralogs to carry out diverse functional roles 
to facilitate adaptation. This hypothesis is supported by phylogenetic analysis, 
which groups the innexins as within-lineage orthologues (Fig. 1), suggesting 
diversification arose first through genetic drift, followed by lineage-specific gene 
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duplication events to yield functional diversification (Abascal and Zardoya, 2013; 
Chothia et al., 2003; Hua et al., 2003; Yen and Saier, 2007). Today, the innexins 
have been identified across numerous phyla, including Cnidaria, Platyhelmithes, 
Annelida, Mollusca, Nematoda, and Arthropoda (Alexopoulos et al., 2004; 
Chapman et al., 2010; Herve and Sarrouilhe, 2005; Shestopalov and Panchin, 
2008), although absent in Porifera. 
Remarkably, innexin homologues have also been identified within the 
vertebrate genomes of humans, mouse, and zebrafish. This discovery led to the 
naming of this gene family as the “pannexins”, and is thought to have evolved out 
of complementation to a second gap junction gene family, the connexins 
(Abascal and Zardoya, 2013; Baranova et al., 2004; Bruzzone et al., 2003; 
Panchin et al., 2000; Phelan, 2005). Unlike the innexins, pannexins and 
connexins cluster separately as paralogs, suggesting that functional versatility 
was primarily gained through multiple rounds of gene duplication in a basal 
organism, followed by species diversification (Abascal and Zardoya, 2013). 
Together, gap junctions present us with a portrait of convergent evolution at its 
best and likely played a pivotal role in the expansion of the animal kingdom. 
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Structure and mechanisms of diversity 
 
As previously mentioned, gap junctions comprised of connexins, 
pannexins, or innexins can be separated into two gene families. The innexins 
and pannexins comprise one family and are dispersed across prechordates and 
mammals, respectively, while the connexins make up the second and code for 
gap junction proteins in chordates. Although the two gene families are not 
evolutionarily related and share little sequence similarity, all gap junctions 
possess similar protein topologies. Each protein spans the plasma membrane 
four times, yielding two extracellular loops, a single intracellular loop, and 
intracellular N and C terminals. Six of these proteins (with the exception of some 
pannexins, which use eight) oligomerize to form a hemichannel, which when 
provided by two neighboring cells, could form a gap junction to permit the direct 
transfer of molecules, which are involved in numerous signaling pathways during 
developmental and physiological processes (Fig. 2.) 
 Understanding the numerous processes that gap junctions regulate and 
the mechanisms that govern their functions is a daunting task, and so far, the 
majority of the work has focused on the connexins and pannexins. In addition to 
the genetic diversity of connexin and pannexin paralogs, evidence suggests 
there are additional mechanisms that regulate the formation and function of gap 
junctions. These mechanisms include post-translational modifications such as 
phosphorylation, S-nitrosylation, and SUMOylation, which are required for 
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connexin trafficking, membrane insertion, degradation, and channel function 
(Johnstone et al., 2012).  Furthermore, glycosylation has been demonstrated to 
play similar roles for the pannexins (Johnstone et al., 2012). In addition, the 
formation of heteromeric and heterotypic channels (hemichannels and gap 
junctions, respectively, composed of more than one connexin or pannexin 
oligomer) provides an additional level of functional diversity (as depicted in Fig. 
2). In relation to the amount of functional and regulatory mechanisms that has 
been characterized in Connexins and Pannexins, little is known about the 
Innexins. 
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Innexins: models for discovery 
 
Innexins represent the most ubiquitous family of gap junctions, as well as 
the most diverse, both across phyla and in paralog number (ranging from eight in 
fruit fly and 25 in nematode). Such diversity presents opportunity to study the 
various roles that gap junctions play in animals. In addition, the use of innexin 
models provides relatively simple cellular systems in which to work, in 
combination with opportunities for tractable genetics. Together, understanding 
the roles of innexins may shed light on convergent functions that Connexins and 
Pannexins are playing. Using the genetically tractable fruit fly model as a starting 
point, I will provide an overview of what we know about Innexins within the 
diverse insect phylum. I will also discuss the role of Innexins in other systems, 
and conclude with a final note regarding the implications for understanding the 
mechanisms that have led to the expansion and diversification of the Innexin 
gene family. 
 
Drosophila innexins 
 
Eight innexin loci have been identified in the Drosophila melanogaster 
genome (Adams, 2000), with mutants assigned to innexin-1 (ogre), innexin-2 
(kropf), innexin-4 (zero population growth, zpg), and innexin-8 (shaking-B(lethal), 
shaking-B (neutral), shaking-B(neutral+16))  (Zhang et al., 1999). Innexins 
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display complex overlapping temporal and spatial expression patterns during 
oogenesis, embryogenesis, wing imaginal disc development, and nervous 
system development. Together, these data suggest the innexins are highly 
involved in various developmental and physiological processes. In addition, 
spatial and temporal expression congruencies suggest combinations of Innexin 
oligomers may play key roles during these events (Curtin et al., 1999; Stebbings 
et al., 2002b). This section will discuss what we know about the functional 
diversity of innexins within Drosophila. 
 
Innexins in oogenesis and epithelial and gut embryogenesis 
 
Innexins have been demonstrated to play multiple roles during 
fundamental stages of development, through regulation of tissue morphogenesis, 
establishment of polarity, and as transcriptional targets in paracrine signaling 
pathways. Most profoundly, Drosophila melanogaster Innexins 1, 2, 3, and 4, are 
all known to be involved in these processes. Dm-Innexin-2 (Inx2) has been 
demonstrated to play key roles during oogenesis, and in combination with Dm-
Inx1, Dm-Inx3, and Dm-Inx4, is involved in follicle-cell differentiation, nurse-cell 
regression, oocyte growth, and choriogenesis (Bohrmann, 2008). Lastly, Dm-Inx4 
expression is limited to the germ-line and has been demonstrated to play roles in 
germ cell differentiation (Gilboa et al., 2003; Tazuke et al., 2002). 
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During embryogenesis, it is apparent that Dm-Inx1, Dm-Inx2, and Dm-Inx3 
all play pivotal roles in organizing the development of epithelial tissues (Bauer et 
al., 2002; Bauer et al., 2001; Bauer et al., 2004; Bauer et al., 2003; Bohrmann 
and Zimmermann, 2008; Lechner et al., 2007; Lehmann et al., 2006). 
Specifically, Inx2 and Inx3 are co-expressed in overlapping domains throughout 
embryogenesis. Both proteins are also mutually dependent on each other to 
localize properly, and channel heteromerization (as depicted in Fig. 2) is critical 
for epithelial tissue morphogenesis and polarity (Lehmann et al., 2006; Stebbings 
et al., 2000). In addition, localization of Dm-Inx1 and Dm-Inx2 to different 
membrane domains suggests that both expression and intracellular localization 
of Innexins are regulated by tissue-dependent factors (Bauer et al., 2004; Bauer 
et al., 2003). 
Furthermore, Dm-Inx2 appears to play roles outside of providing gap 
junctions for communication. The direct interaction between Dm-Inx2 and the 
adherens junction proteins, DE-Cadherin and Armadillo, appears to facilitate a 
co-dependent role in trafficking and possibly in facilitating epithelial development 
(Bauer et al., 2004; Bauer et al., 2006). Also, dm-inx2 serves as a target gene in 
the Wingless signaling pathway during keyhole formation, the primordial structure 
of the proventriculus and in turn, facilitates the transcriptional activation of 
hedgehog, wingless, and Delta (Bauer et al., 2002; Lechner et al., 2007).  
 
Innexins in the nervous and visual systems 
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Numerous innexins have also been demonstrated to play roles in the 
development and functioning of the nervous system, including implications in 
neuroblast differentiation and axon guidance, flight circuitry, processing of visual 
cues, and the establishment of memory. The giant fiber system (GFS) which 
possesses a simple set of neurons that mediates visually elicited escape 
behavior in Drosophila has been of particular focus. Dm-Innexins 1, 6, 7, and 
three alternatively spliced variants of dm-inx8 (i.e. dm-shakB) locus, 
shakB(lethal), shakB(neutral), and shakB(neutral+16) have all been 
demonstrated to play roles in the GFS. During the development of the central 
nervous system, dm-ogre is likely required to regulate the proliferation and/or 
survival of postembryonic neuroblasts (Watanabe and Kankel, 1992) and Dm-
Inx7 is critical for axon guidance and embryonic nervous system development 
(Ostrowski et al., 2008). In addition, Dm-Inx7 exhibits different subcellular 
localization patterns in the developing central nervous system (nuclear) and 
epithelial tissue (cytoplasm and membrane), suggesting dependence on tissue-
specific regulation and mirroring the phenomenon seen with Dm-Inx1 and Dm-
Inx2 during epithelial development (Ostrowski et al., 2008). All shakB protein 
variants are expressed in confined regions of the central nervous system, 
including those of the GFS, and studies show that loss of dm-shak-B function 
disrupts electrical transmission, resulting in defective escape behavior (Baird et 
al., 1990; Thomas and Wyman, 1984; Zhang et al., 1999). Electrophysiological 
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studies in the Xenopus oocyte model demonstrate Dm-Shak-B(lethal), but not 
Dm-Shak-B(neutral), can form homotypic channels and furthermore, differential 
voltage gating of heterotypic channels containing Dm-Shak-B(lethal) and Dm-
Shak-B(neutral+16) is required for rectification of electrical synapses in the GFS 
(Phelan et al., 1998a; Phelan et al., 2008a; Phelan et al., 2008b; Phelan et al., 
1998c). Similarly, Dm-Ogre and Dm-Shak-B(neural) are required at the pre- and 
post-synapses to maintain retina-lamina neural transmission, and this specific 
complex is largely irreplaceable by other gap junctions (Curtin et al., 2002b, c). 
Most recently, heterotypic gap junctions involving Inx6 and Inx7 have been 
shown to play essential roles in mushroom body circuitry for olfaction-based 
memory formation (Wu et al., 2011). 
 
Additional roles for innexins 
 
A few recent studies have shed light on additional dynamic roles gap 
junctions facilitate during an induced response. Following epidermal damage to 
the Drosophila embryo, calcium waves are triggered and transferred from 
neighboring cells via gap junctions to induce an inflammatory response. When 
the same experiments were done in Dm-Inx2 mutant fly lines, calcium wave 
production was reduced, leading to a reduced inflammatory response (Razzell et 
al., 2013). Another study provided evidence that Dm-Inx2 gap junctions (but not 
Dm-ogre, Dm-Inx3, or Dm-Inx4) can mediate the transfer of GDP-L-fucose, a 
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readily available source of fucose (Ayukawa et al., 2012). Together, these 
studies provide evidence that innexins are likely to play essential roles in many 
more activities, including immune responses and metabolism. 
 
Innexins in other systems 
 
Innexins in other insects 
 
Considering insects represent one of the most diverse groups of animals, 
assessing the roles of Innexins across insect taxons provides an excellent 
opportunity to uncover novel roles for gap junctions. In addition to Drosophila, 
innexin genes have been identified in other insects, including beetles, 
grasshoppers, cockroaches, bees, mosquitoes, and moths, with much of the 
functional work being performed in moth species including the silkworm (Bombyx 
mori), tobacco hornworm (Manduca sexta), and the fall armyworm (Spodoptera 
frugiperda). In the silkworm, six innexins have been identified and the expression 
and localization of Innexins 2, 3, and 4 have initially been characterized. Like in 
Drosophila, Inx2 and Inx3 display a complex spatial and temporal expression 
pattern throughout development, whereas Innexin 4 is only expressed in the 
germ line (Hong et al., 2008b; Hong et al., 2009). Furthermore, phylogenetic 
analysis places all three innexin orthologues in close relation to other Innexins in 
the insect order, suggesting there may be functional conservation among insect 
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species (Hong et al., 2008b; Hong et al., 2009). Innexins have also been 
demonstrated to form functional gap junctions in proliferating stem cells of the 
midgut epithelium during molt cycles of Manduca sexta (Baldwin et al., 1993) and 
in cultured High Five cells (Trichoplusia ni ovarian cells) (Hasegawa, in 
preparation) and Sf9 cells (Spodoptera frugiperda ovarian cells) (Bukauskas et 
al., 1997), as well as hemichannels in High Five cells, Sf9 cells, and primary 
hemocytes from the tobacco budworm, Heliothis virescens (Luo and Turnbull, 
2011). 
In addition, gap junctions have been demonstrated to play roles in 
maintaining neuronal networks in the brain of grasshoppers and cockroaches 
(Boyan et al., 2012; Schneider and Stengl, 2006), excretory system in 
mosquitoes (Weng et al., 2008), generating heart pulsations in honeybees 
(Papaefthimiou et al., 2002), and forming between hemocytes involved in 
encapsulation (cellular immune response) in ticks and cockroaches (Churchill et 
al., 1993; Eggenberger et al., 1990). Together, these studies provide evidence to 
support the functional importance of gap junctions in the development and 
maintenance of physiological systems in numerous species that together, make 
up the most diverse group of animals on our planet. 
 
Innexins in other arthropods 
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Two innexins have been identified and characterized in the American 
lobster, Homarus americanus, as Inx1 and Inx2. Phylogenetic analysis reveals 
homology with Drosophila inx1 and inx2, respectively, and supports that innexin 
gene duplication occurred before the divergence of crustacean and insect 
lineages, but after the ecdysozoan split that gave rise to the arthropod and 
nematode clades (see next section). Furthermore, gene expression of these two 
innexins is significantly higher in the embryo than in the adult and suggests a 
possible role during the reconfiguration of the neural network. Finally, specific 
neuronal networks expressing either of the two innexins are both dye and 
electrically coupled (Ducret et al., 2006). Both the commonalities in expression 
data and homology to the Drosophila innexins suggest common Innexin functions 
may be extended throughout the entire Arthropod phylum. 
 
Innexins in other phyla 
 
Innexins have also been functionally characterized in organisms 
representing other euchordate phyla, including nematodes and planarians, all of 
which form monophyletic clades, containing numerous within-phyla paralogs. 
Twenty-five innexin genes are present in the nematode, Caenorhabditis elegans, 
and like in Drosophila, exhibit broad temporal and spatial expression patterns, as 
well as functional roles throughout development and various physiological 
systems. In addition to their similar involvements throughout oogenesis and 
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embryogenesis (Rutledge et al., 2001; Starich et al., 2001; Yeh et al., 2009), 
innexins have also been demonstrated to play numerous additional roles in the 
nematode. Such novel functions include involvement in sperm guidance to the 
hermaphrodite reproductive tract in C. elegans  (Edmonds et al., 2011), 
locomotion (Kawano et al., 2011), regulation of pheromone-driven behaviors 
(Jang et al., 2012; Macosko et al., 2009) and mechanosensory perception 
(Chatzigeorgiou and Schafer, 2011). Lastly, innexins have been demonstrated to 
play key roles in regulating planarian stem cell behavior in response to injury 
during the regeneration process and during the establishment of tissue polarity 
(Peiris and Oviedo, 2013). 
 
Viral innexins 
 
Innexins have also been identified in polydnaviruses, a group of genome-
integrated wasp viruses. In this unique example of symbiosis, propagation of the 
virus is limited to the ovarian cells of larval and adult female parasitoid wasps, 
while an encapsidated virus is injected during parasitization of a lepidopteran 
(Fig. 3) (Dupuy et al., 2006; Turnbull and Webb, 2002a). The expression of 
polydnavirus genes within the parasitized host results in developmental cessation 
and immunosuppression, thus allowing the growth and emergence of wasp 
offspring. Among the polydnaviruses associated with ichneumonid wasps, 
innexin homologues called viral innexins (vinnexins) have been identified and are 
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implicated in disrupting cell-cell communication during the cellular immune 
response (Marziano et al., 2011; Turnbull et al., 2005). In particular, the 
encapsulation response, a cellular process thought to be regulated by gap 
junctions (see section titled, “Innexins in other insects”). However, the exact roles 
of the vinnexins have not been demonstrated. 
 
 
 
Lessons learned from innexins 
 
Innexins are responsible for many functions, both common across phyla 
(e.g. embryogenesis), as well as unique within phyla (e.g. regeneration in leech 
and parasitism in polydnaviruses). Such functional diversity is accomplished 
through the expression of multiple innexin genes, alternative splice variation, and 
the ability to form channels comprised of multiple innexin oligomers. In addition to 
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serving as conduits for cellular communication, innexins have also emerged as 
key players involved in cell structure and essential signaling pathways. 
 
Summary 
 
 Multicellularity is a product of evolutionary innovation. With the acquisition 
of complex morphologies and physiological systems, came the acquisition of 
genes involved in cell differentiation, adhesion, and communication. Innexin gap 
junctions presumably played key roles during this transition to multicellularity and 
the expansion of the animal kingdom. Today, we know innexin gap junctions 
accomplish various roles across development and physiological systems within 
some of the most primitive and diverse metazoan phyla. Phylum-specific gene 
duplication and diversification events have allowed the innexins to gain genetic 
diversity to carry out a range of functional roles. In addition, this range in function 
is accomplished through alternative splice variation of some innexins in addition 
to the ability to form heteromeric and heterotypic channels. Although there has 
been progress in understanding the functional range of the innexins, little work 
has been published to understand the mechanisms that regulate channel 
formation. To my knowledge, it has not been determined if the Innexins undergo 
any posttranslational modifications, nor have the dynamics of protein trafficking 
and turnover been characterized. Having an understanding of such fundamental 
mechanisms will allow greater predictability of the roles innexins may be 
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performing, as well as provide insight into convergent functions with the better-
studied pannexin and connexin gap junctions. 
In the next few chapters, I will present research that has begun to 
characterize the most highly conserved innexin among the most diverse group of 
animals, the insects. I will discuss the implications for the discovery of a novel 
innexin as well as present research exploring the idea that gap junctions serve as 
mediators of both cellular immunity and parasitism within the complex 
polydnavirus system. With a focus on a conserved innexin within a context that 
exhibits diversification, this work will touch on some of the fundamental 
mechanisms that will allow for greater predictability of gap junction function. 
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CHAPTER 2: 
FUNCTIONAL INTERACTIONS BETWEEN POLYDNAVIRUS AND HOST 
CELLULAR INNEXINS 
Published: Marziano, N. K., D. K. Hasegawa, P. Phelan, M.W. Turnbull, 2011, 
Functional interactions between polydnavirus and host cellular innexins, Journal 
of Virology, V.85, p. 10222-9. 
 
Abstract 
 
 Polydnaviruses are double-stranded DNA viruses associated with some 
subfamilies of ichneumonoid parasitoid wasps. Polydnavirus virions are delivered 
during wasp parasitization of a host, and virus gene expression in the host 
induces alterations of host physiology. Infection of susceptible host caterpillars by 
the polydnavirus Campoletis sonorensis Ichnovirus (CsIV) leads to expression of 
virus genes, resulting in immune and developmental disruptions. CsIV encodes 
four homologues of insect gap junction genes (innexins) termed vinnexins, which 
are expressed in multiple tissues of infected caterpillars. Previously, we 
demonstrated that two of these, VinnexinD and VinnexinG, form functional gap 
junctions in paired Xenopus oocytes. Here we show that VinnexinQ1 and 
VinnexinQ2, likewise, form junctions in this heterologous system. Moreover, we 
demonstrate that the vinnexins interact differentially with the Innexin2 orthologue 
of an Ichnovirus host, Spodoptera frugiperda. Cell pairs co-expressing a vinnexin 
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and Innexin2, or pairs in which one cell expressed a vinnexin and the 
neighboring cell, Innexin2, assemble functional junctions with properties that 
differ from junctions composed of Innexin2 alone. These data suggest that 
altered gap junctional intercellular communication may underlie certain cellular 
pathologies associated with Ichnovirus infection of caterpillar hosts, such as 
disrupted cellular immunity.  
 
Introduction  
 
Polydnaviruses (PDVs) are double-stranded DNA viruses obligatorily 
associated with certain parasitoid wasps. The viruses exist in proviral state in the 
germline nuclear genome of braconid and ichneumonid wasps and are 
recognized according to wasp associate as Bracoviruses (BVs) and Ichnoviruses 
(IVs), respectively. Although the two lineages are unrelated evolutionarily (Volkoff 
et al., 2010), they grossly share similar life cycles and symptoms of infection. 
PDV virions are produced in the ovaries of pupal and adult female wasps, and 
are delivered into the host, typically an immature lepidopteran (caterpillar), during 
parasitization (reviewed in (Dupuy et al., 2006; Turnbull and Webb, 2002b). 
Expression of virus genes results in numerous physiological alterations in the 
host, including disruption of host humoral and cellular immune responses. 
Notably, encapsulation, a multicellular immune response and the primary anti-
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parasitoid defense, is typically disrupted (reviewed in (Beckage, 1998; Glatz et 
al., 2004; Luo and Turnbull, 2008; Shelby and Webb, 1999). 
PDV genomes comprise large gene numbers, typically occurring in 
multiple member gene families (Desjardins et al., 2008; Lapointe et al., 2007; 
Tanaka et al., 2007; Webb et al., 2006). The genome of Campoletis sonorensis 
Ichnovirus (CsIV) contains five gene families, cysteine-motif, vankyrin, repeat 
element, N-family, and vinnexin, and a putative sixth family, encoding polar-
residue-rich proteins (Tanaka et al., 2007; Webb et al., 2006). While the cysteine-
motif (Cui et al., 2000; Li and Webb, 1994) and vankyrin (Kroemer and Webb, 
2005, 2006) proteins have been linked to disruption of host immunity, the roles of 
the other gene families have not been reported. The vinnexins (vnx) are 
homologous to the innexins (Turnbull et al., 2005; Turnbull and Webb, 2002b), 
one of two gene families which encode the structural units of gap junctions. 
Innexins (Inx; also known as pannexins) compose gap junctions in insects 
and other pre-chordates; they persist in small numbers in higher organisms 
where the bulk of gap junctions are formed from members of the unrelated 
connexin family (Bruzzone et al., 2003; Fushiki et al., 2010; Phelan, 2005; 
Phelan et al., 1998b; White and Paul, 1999; Yen and Saier, 2007). Gap junctions 
consist of paired hemichannels which interact to bridge the intercellular gap 
between appositional membranes of two cells. Hemichannels, in turn, can 
comprise either a single or multiple innexin (or connexin) protein(s); the former is 
referred to as a homomeric, and the latter a heteromeric, channel. Additionally, 
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apposing hemichannels may be homotypic (hemichannels of identical 
composition) or heterotypic (composition of the hemichannels differs). Studies of 
both innexin (Bruzzone et al., 2003; Dykes et al., 2004; Phelan et al., 2008a; 
Starich et al., 2009; Stebbings et al., 2000) and connexin (Ayad et al., 2006; He 
et al., 1999; White et al., 1994; Yum et al., 2007) channels in in vitro expression 
systems have demonstrated that the specific sub-unit composition influences the 
conductance of the channel and its sensitivity to regulatory factors such as 
voltage (reviewed in (Cottrell and Burt, 2005; Phelan, 2005).  In vivo studies have 
found no evidence for extensive functional redundancy in either family of gap 
junction proteins; in many cases innexins and connexins are unable to 
complement loss-of-function mutations in paralogues (Curtin et al., 2002a; Frank 
et al., 2010; Li et al., 2003; White, 2002; Wolfle et al., 2007; Zheng-Fischhofer et 
al., 2006).  Thus, the precise molecular make-up of gap junction channels is an 
important determinant of their functional properties. 
Four vinnexins, VnxD, VnxG, VnxQ1 and VnxQ2, are encoded by the 
CsIV genome (Webb et al., 2006). All are transcribed in multiple tissues of 
infected caterpillars, and VnxQ2 forms junctional plaques at appositional 
membranes of infected cells (Turnbull et al., 2005).  Innexin 2 (Inx2), one of the 
most highly conserved members of the insect innexin gene family, is expressed 
throughout lepidopteran larval stages in similar tissues (Hong et al., 2008a; 
Shelby and Popham, 2009). Therefore, there is scope for vinnexins to form de 
novo gap junctions, and/or to interact with cellular innexins, in infected host 
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tissues. Consequent alterations in intercellular communication could contribute to 
the physiological changes in the host that are necessary for survival of the 
parasite. 
Previously, we demonstrated that CsIV VnxD and VnxG form functional 
gap junctions when expressed in paired Xenopus oocytes (Turnbull et al., 2005). 
Here we have used the same system, first, to assess the channel-forming ability 
of Cs-VnxQ1 and Cs-VnxQ2.  Secondly, we have tested the ability of Inx2 from a 
lepidopteran host of Ichnoviruses, Spodoptera frugiperda (Sf), to form gap 
junctions. Finally, we have co-expressed the vinnexins and Sf-Inx2 in 
heteromeric and heterotypic configurations to determine whether virus and host 
proteins are capable of interacting and how such interactions influence the 
properties of gap junctions.  We establish that all four Vnxs are functional gap 
junction proteins. The Vnxs differentially interact with Inx2 to give rise to channels 
with novel properties.  
 
Results 
 
Spodoptera frugiperda Inx2 forms homotypic gap junction channels in paired 
Xenopus oocytes 
 
The ability of Inx2 from Spodoptera frugiperda, a lepidopteran host of the 
Ichnoviruses, to form functional homotypic gap junction channels was assessed 
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following expression of this protein in Xenopus laevis oocytes. Oocytes were 
microinjected with 2-5 ng Sf-inx2 mRNA and electrical coupling between paired 
cells measured 24-48 hours later. High levels of electrical coupling were 
observed between virtually all cell pairs recorded (97% of pairs coupled; Fig. 4A, 
B). The average junctional conductance for these homotypic channels was found 
to be 18.99 ± 1.92 µS (mean ± SEM, n = 36; Table 1). No electrical coupling was 
observed between paired cells microinjected with water alone (Fig. 4A, C). 
Inx2 channels were found to be voltage-sensitive, shown by the steady 
decrease in the currents with increasing depolarizing or hyperpolarizing voltage 
steps (Fig. 4B). This indicates a reduction in the opening probability of the 
channels with increasing transjunctional potential difference (Vj). To further 
examine this voltage response, the normalized steady-state junctional 
conductance (Gj) at each voltage step was calculated and plotted against Vj. The 
data fitted well to a single Boltzmann equation (Fig. 4D). From the Gj/Vj plot and 
calculated Boltzmann parameters, it can be seen that the channels display a 
symmetrical response to applied voltage. For hyperpolarizing Vjs, Gjmax is 1.22 
± 0.24, Gjmin, 0.37 ± 0.05 and V0, -23.55 ± 7.18; the corresponding values for 
depolarizing Vjs are Gjmax, 1.1 ± 0.13, Gjmin, 0.38 ± 0.06 and V0, 28.8 ± 4.19. 
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Campoletis sonorensis Ichnovirus vinnexin proteins, VnxQ1 and VnxQ2, form 
homotypic gap junction channels in paired Xenopus oocytes 
 
 Two CsIV Vinnexin proteins, VnxD and VnxG, have previously been 
shown to form functional homotypic gap junction channels in paired Xenopus 
oocytes (Turnbull et al., 2005). These findings were confirmed in the present 
study. Fifty five percent of the VnxD-expressing cell pairs were found to be 
electrically coupled, with an average Gj value of 1.36 ± 0.3 µS (mean ± SEM, n = 
12; Table 1), a value similar to that previously reported (Turnbull et al., 2005). All 
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cell pairs injected with vnxG were found to be coupled, with an average Gj value 
of 8.02 ± 2.5 µS (mean ± SEM, n = 11; Table 1), a conductance slightly higher 
than the previously reported value (Turnbull et al., 2005). As previously observed 
(Turnbull et al., 2005), VnxD and VnxG homotypic channels were voltage 
insensitive (data not shown). 
 
 
The channel forming capabilities of the remaining two CsIV vinnexins, 
VnxQ1 and VnxQ2, were similarly assessed in paired Xenopus oocytes following 
the microinjection of 5-10 ng vnx mRNA. Electrical coupling was observed in 
25% of cell pairs expressing VnxQ1 (Fig. 5A, B). These gap junctions displayed 
an average conductance of 1.37 ± 0.43 µS (mean ± SEM, n = 4; Table 1). Similar 
to VnxD and VnxG and unlike Sf-Inx2 channels, the currents recorded from 
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VnxQ1 homotypic oocyte pairs were linear (Fig. 5B), indicating that these 
channels lack transjunctional voltage sensitivity.  
Electrical coupling was observed between the majority of cell pairs 
expressing VnxQ2 (74% of pairs coupled; Fig. 5A, C), indicating that VnxQ2 
readily forms homotypic channels. The average junctional conductance of the 
channels was 2.52 ± 0.3 µS (mean ± SEM, n = 28; Table 1). As with the other 
vinnexin homotypic channels, VnxQ2 channels lacked transjunctional voltage-
sensitivity with linear currents recorded at all voltage steps (Fig. 5C). No coupling 
was observed between water-injected control cell pairs (Fig. 5D). 
 
 
 
Effects on channel properties of Sf-Inx2 and CsIV vinnexin co-expression 
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The similarity between the endogenous insect innexins and the vinnexin 
proteins raises the question of whether or not these proteins can interact, and 
whether any such interaction results in an alteration in the properties of the 
insect’s gap junction channels. To address these questions, a series of co-
expression experiments were carried out to examine the electrical coupling 
between paired oocytes microinjected with both Sf-inx2 mRNA (2-5 ng) and one 
of the four CsIV vnx mRNAs (2-5 ng). Typical current traces recorded from co-
injected cell pairs and corresponding Gj/Vj plots can be seen in Fig. 6.  For 
comparative purposes, the Gj/Vj plot for Inx2 homotypic channels is presented in 
each case.  
Co-expression of VnxD with Inx2 (Fig. 6A-C; Table 1) resulted in a 
significant reduction in the junctional conductance. The average Gj value for 
Inx2+VnxD pairs was 4.93 ± 1.2 µS (mean ± SEM, n = 25), significantly lower 
than the average Gj of Inx2 homotypic channels (p<0.01, two-sample t-test; 
Table 1). The voltage characteristics of the channels in cell pairs co-injected with 
Inx2 and VnxD (Fig. 6C, closed symbols) did not differ markedly from those in 
pairs expressing Inx2 only (Fig. 10C, open symbols), however, the heteromeric 
pairs showed marginally greater sensitivity to depolarizing Vjs than Inx2 
homotypic pairs resulting in slight asymmetry of the Gj-Vj response. The data, 
particularly for depolarizing Vjs, were not well fit by a single Boltzmann equation, 
possibly reflecting the presence of more than one channel type. 
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Co-expression of VnxG with Inx2 (Fig. 6A, D, E) did not affect levels of 
conductance but did significantly alter the voltage properties of the channels. Gj 
values of 19.62 ± 2.56 µS (mean ± SEM, n = 18) were calculated for Inx2+VnxG 
expressing pairs, very similar to that of pairs expressing Inx2 alone (Table 1). 
However, channels in cell pairs expressing Inx2+VnxG (Fig. 6E, closed symbols) 
showed less sensitivity to both depolarizing and hyperpolarizing 
transjunctional voltages than Inx2 homotypic channels (Fig. 6E, open symbols). 
The Gj/Vj data fitted well to a single Boltzmann equation, indicating the cells 
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express a fairly homogenous population of channels. Gjmax, Gjmin and V0, 
respectively, were 1.01 ± 0.02, 0.75 ± 0.12, -42.32 ± 9.37 for hyperpolarizing 
potentials and 1.04 ± 0.11, 0.64 ± 0.12 and 35.55 ± 5.82 for depolarizing 
potentials.  
Channels formed in cell pairs co-expressing VnxQ1 and Inx2 (Fig. 6A, F, 
G) differed from Inx2 homotypic channels in both junctional conductance and 
voltage sensitivity. The average Gj values were 8.60 ± 2.02 µS (mean ± SEM, n 
= 18), significantly lower than the average Gj of Inx2 homotypic channels 
(p<0.01, two-sample t-test; Table 1). The Gj/Vj plot for Inx2+VnxQ1-expressing 
pairs is asymmetrical (Fig. 6G, closed symbols). Channels present in these cells 
displayed similar sensitivity to hyperpolarizing Vjs as pairs expressing Inx2 only 
(Fig. 6G, left side) and these data fitted well to a single Boltzmann equation. 
Sensitivity to depolarizing Vjs was greater in Inx2+VnxQ1 pairs than in Inx2 
homotypic pairs (Fig. 6G, right side) and the data were not well fit by a single 
Boltzmann equation.  
In contrast to the other Vnxs, co-expression of VnxQ2 with Inx2 (Fig. 6A, 
H, I) yielded channels that did not obviously differ, either in conductance or in 
voltage sensitivity, from Inx2 homotypic channels. The average Gj value of 16.49 
± 2.28 µS (mean ± SEM, n = 31) for cell pairs expressing Inx2 and VnxQ2 was 
similar to the mean Gj of Inx2-expressing cell pairs (Table 1). The Gj/Vj plots 
(Fig. 6I) indicate a similar degree of voltage sensitivity, however, unlike the Inx2 
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homotypic data, the data for Inx2+VnxQ2 pairs were not well fit by a single 
Boltzmann equation. 
 
Sf-Inx2 forms heterotypic gap junction channels with the CsIV vinnexin proteins 
 
 To investigate the likely contribution of heterotypic channels to the 
coupling observed in cell pairs in which both cells expressed both Sf-Inx2 and a 
Cs-Vnx protein (Fig. 6), a series of experiments was carried out to investigate 
potential heterotypic channel formation between Inx2 and each of the vinnexins. 
For these experiments, oocytes were microinjected with either inx2 mRNA (2 ng) 
or one of the vnx mRNAs (10 ng). Cells were then paired in a heterotypic 
configuration, each pair comprising an inx2- injected cell and a vnx-injected cell. 
The recordings revealed that Inx2 is able to form heterotypic gap junctions, to 
some extent, with all four Vnx proteins examined. The percentage of pairs 
coupled ranged from 13% for Inx2/VnxQ1 pairs to 92% for Inx2/VnxG pairs 
(Table 1). Representative recordings and corresponding Gj/Vj plots are shown for 
Inx2/VnxD, Inx2/VnxG and Inx2/VnxQ2 heterotypic pairs (Fig. 7). In each case, 
the upper trace shows the response to application of voltage steps to the Inx2-
expressing cell and the lower trace shows the response to voltage steps applied 
to the Vnx-expressing cell. Gj values (mean ± SEM), calculated at a Vj of ±10 mV 
and averaged from the recordings obtained in both directions for each pair, were 
0.94 ± 0.24 µS (n = 5) for Inx2/VnxD pairs, 12.48 ± 3.68 µS (n = 12) for 
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Inx2/VnxG pairs and 0.82 ± 0.37 µS (n = 5) for Inx2/VnxQ2 pairs (Fig. 7, Table 
1). 
 Inx2/VnxD heterotypic pairs (Fig. 7A-E) were weakly voltage sensitive. Gj 
declined slightly when depolarizing Vj steps ≥ 20 mV were applied either to the 
Inx2-expressing cell (Fig. 7D) or to the VnxD-expressing cell (Fig. 7E); the drop 
in conductance was more marked when the Inx2-expressing cell was stepped. 
Application of hyperpolarizing Vj steps to either cell of the pair tended to increase 
Gj (Fig. 7). Inx2/VnxG heterotypic pairs (Fig. 7F-J) displayed clear voltage  
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sensitivity. Gj decreased with increasing hyperpolarizing or depolarizing Vjs 
applied to either cell of the pair. The decline in Gj was steeper for 
hyperpolarization, than for depolarization, of the Inx2-expressing cell (Fig. 7I) 
whereas the opposite was true when the step protocol was applied to the cell 
expressing VnxG (Fig. 7J). The data fitted to a single Boltzmann equation. 
Gjmax, Gjmin and V0 were 1.15 ± 0.37, 0.34 ± 0.27 and -31.38 ± 10.15 when the 
Inx2-expressing cell was hyperpolarized and 1.06 ± 0.18, 0.59 ± 0.08 and 27.48 
± 6.97, respectively, when this cell was depolarized (Fig. 7I). When the VnxG-
expressing cell was stepped, values of Gjmax, Gjmin and V0 were 1.04 ± 0.14, 
0.62 ± 0.10 and -30.75 ± 7.73 for hyperpolarizing Vjs with corresponding values 
of 1.06 ± 0.11, 0.27 ± 0.21 and 39.51 ± 7.35 for depolarizing Vjs (Fig. 7J). 
Inx2/VnxQ2 heterotypic pairs (Fig. 7K-O) were weakly voltage sensitive. Gj 
declined when the Inx2-expressing cell was depolarized; hyperpolarization of this 
cell had little effect on Gj (Fig. 7N). Application of either depolarizing or 
hyperpolarizing Vj steps to the VnxQ2-expressing cell did not significantly alter Gj 
(Fig. 7O). Heterotypic channel formation was observed in only one of eight 
Inx2/VnxQ1 pairs tested pairs (recording not shown) with a Gj of 1.23 µS (Table 
1). 
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Discussion 
 
 Polydnaviruses are unique in their role as obligate symbiotic 
manipulators of host physiology, particularly immunity, in parasitoid-host 
systems. Their genomes reflect the selective advantages to be gained by 
manipulating the host, including methods to regulate viral gene expression in the 
parasitized host in the absence of replication, presence of several multi-gene 
families, and use of host homologues to affect host systems (Turnbull and Webb, 
2002b; Webb and Strand, 2005). The latter include vankyrins, homologues of 
NF-B inhibitor (IB) proteins, in both PDV lineages, the Bracovirus protein 
tyrosine phosphatases (PTPs), and the Ichnovirus vinnexins. Interestingly, while 
both the vankyrins and PTPs represent partial homologues, lacking clearly 
distinguished regulatory regions (Webb et al., 2006), the vinnexins are full length 
homologues of insect gap junction proteins (Turnbull et al., 2005). This raises the 
distinct possibility that altered intercellular communication may underlie their 
effects on the physiology of parasitized hosts. 
 
Virus and host lepidopteran innexins form gap junctions independently and 
interact to form junctions with novel properties in vitro  
 
 The data presented here demonstrating that CsIV VnxQ1 and VnxQ2 
induce the formation of intercellular channels in paired Xenopus oocytes, 
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together with our previous expression studies of Cs-VnxG and Cs-VnxD (Turnbull 
et al., 2005), establish that all four members of the CsIV Vnx gene family encode 
functional gap junction proteins. While the level of conductance and percentage 
of homomeric cell pairs coupled varies (VnxG > VnxQ2 > VnxD > VnxQ1), Vnx 
channels have in common a lack of observable voltage sensitivity.   
 To explore possible interactions between Vnxs and their cellular 
homologues, we co-expressed the Vnxs with Inx2 from Spodoptera frugiperda. 
Inx2 was chosen for a number of reasons. Relative to other Inxs, this protein has 
the highest amino acid sequence identity with Vnxs (Turnbull et al., 2005) and 
may represent one of the innexins co-opted by the viruses during evolution. Inx2 
also is transcribed in insect hemocytes (Irving et al., 2005; Shelby and Popham, 
2009).  Sf-Inx2, which is the first lepidopteran innexin to be functionally 
expressed, reliably induced homotypic channels with voltage sensitivity similar to 
channels composed of the D. melanogaster orthologue, Dm-Inx2 (Stebbings et 
al., 2000).  
 Our Inx-Vnx co-expression studies provide convincing evidence of 
functional interactions between Inx2 and the Vnxs. Expression of Inx2 with VnxG 
or VnxQ1 in both oocytes of a pair resulted in the formation of channels with 
voltage properties (and, in the case of VnxQ1, also conductance properties) 
distinct from homotypic channels composed of either protein alone. This is 
consistent with these proteins forming heteromeric channels, in which individual 
hemichannels are composed of Inx2 and a Vnx, or heterotypic channels in which 
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one hemichannel is composed of Inx2 and the apposed hemichannel of a Vnx. 
Direct analysis of heterotypic interactions revealed that Inx2 and VnxG reliably 
form channels in this configuration. The voltage profile of these channels differed 
from that of channels in cells co-expressing both proteins, suggesting that Inx2 
and VnxG assemble heteromeric, as well as heterotypic, channels. VnxQ1 and 
Inx2 also formed heterotypic channels with voltage properties distinct from 
channels in cell pairs co-expressing both proteins. However, the strength and 
reliability of coupling in heterotypic pairs was significantly lower than that in Inx2-
VnxQ1 heteromeric pairs and hence these proteins may preferentially assemble 
heteromeric channels. In contrast to VnxG and VnxQ1, co-expressing VnxD with 
Inx2 in both cells of a pair resulted in only subtle changes in voltage sensitivity. 
This makes it more difficult to evaluate in the oocyte expression system whether 
these proteins assemble heteromeric channels. The slight discrepancy between 
Inx2 homotypic pairs and Inx2+VnxD pairs in their response to depolarizing 
potentials, conceivably, could be accounted for if the latter expressed a small 
population of heterotypic Inx2-VnxD channels (which we have shown form with 
low frequency) alongside homotypic Inx2 channels. The mean junctional 
conductance of Inx2+VnxD pairs, however, was significantly lower than that of 
Inx2 homotypic pairs. Arguably, a reduction in conductance may arise because of 
competition for translation or for transport of proteins to, and insertion into, the 
plasma membrane in cells co-expressing two exogenous RNAs. This seems 
unlikely here because expressing the same amounts of other Vnxs (G and Q2) 
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with Inx2 did not affect mean Gj. In preliminary studies in cultured lepidopteran 
Sf9 and High FiveTM cells, Inx2 exhibited similar sub-cellular distribution in the 
presence and absence of VnxD (D. K. Hasegawa and M. W. Turnbull, 
unpublished data). A reasonable conclusion, therefore, is that Inx2 and VnxD 
assemble heteromeric channels with lower conductance than Inx2 homotypic 
channels. Our data provide no clear evidence for a heteromeric interaction 
between Inx2 and VnxQ2 but the proteins were found to interact in heterotypic 
configuration. 
 
How might Vnxs act in vivo in host-parasitoid systems?  
 
 We have demonstrated that Inx2 and Vnxs form gap junctions in an in 
vitro expression system. Can we extrapolate from this system to the whole 
organism? Studies of Drosophila and C. elegans innexins have demonstrated 
very good correspondence between the behavior of the proteins in vitro and in 
vivo.  Drosophila ShakB(Neural+16) forms homotypic junctions, and heterotypic 
junctions with ShakB(Lethal), in Xenopus oocytes; in the fly, these proteins form 
homotypic and heterotypic junctions between specific neurons of the Giant Fiber 
System (Phelan et al., 2008a; Phelan et al., 1998b).  Dm-Inx2 and Dm-Inx3 co-
operatively regulate epithelial morphogenesis in the fly, consistent with their 
ability to form heteromeric channels in vitro (Lehmann et al., 2006; Stebbings et 
al., 2000). C. elegans UNC-7S and UNC-9 form heterotypic junctions in Xenopus 
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oocytes and between identified locomotory neurons in the worm (Starich et al., 
2009). With these considerations in mind, the in vitro work presented here 
provides strong grounds for accepting that Vnxs form de novo gap junctions 
and/or interact with innexins to alter the properties of existing cellular junctions in 
host tissues.  
 Vnxs are transcribed in multiple tissues of infected hosts (Turnbull et al., 
2005). Their presence in hemocytes, the major cells of the insect immune 
system, is of particular interest. In immuno-competent lepidopterans, two 
subpopulations of hemocytes, granulocytes and plasmatocytes, encapsulate 
invading parasites. Granulocytes serve to recognize and surround foreign 
material, such as a parasitoid, in a single layer of cells, and recruit 
plasmatocytes, which form multiple layers of the capsule, prior to termination of 
the response by addition of a single layer of granulocytes (Pech and Strand, 
1996). Morphological, dye transfer, and electrophysiological studies have 
demonstrated the presence of hemocytic gap junctions during encapsulation 
(Baerwald, 1975; Caveney and Berdan, 1982; Churchill et al., 1993; Han and 
Gupta, 1989). These junctions are thought to be involved in coordinating capsule 
formation and in the maintenance of the multi-layered structure (Caveney and 
Berdan, 1982; Churchill et al., 1993; Gupta, 1991). The identity of the protein(s) 
that compose the hemocyte gap junctions has not been established, although 
Inx2 is one candidate as the RNA is expressed in these cells (Shelby and 
Popham, 2009).    
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 CsIV-infected lepidopterans exhibit multiple immune dysfunctions 
including abrogation of hemocytic encapsulation. Capsule formation in CsIV-
infected larvae may be initiated but not completed (Davies and Vinson, 1988), 
and while plasmatocyte numbers are reduced, granulocyte numbers are 
unaltered (Davies et al., 1987). The intermediate phases of encapsulation in 
which plasmatocytes adhere to and flatten on the developing capsule may be 
disrupted. Bracoviruses encode several factors (e.g., Vankyrins, PTPs, CrV2) 
that likely act to manipulate post-recognition aspects of immunity such as signal 
transduction and intercellular communication, leading to reduced host immune 
capacity (Cooper et al., 2011; Ibrahim et al., 2007; Pruijssers and Strand, 2006; 
Thoetkiattikul et al., 2005). Conceivably, Vnxs may play a similar role in IV-
infected cells, particularly serving to alter Ca2+- and cAMP-mediated intercellular 
communication between plasmatocytes during intermediate stages of 
encapsulation.    
 While abrogation of encapsulation is a major factor in successful 
parasitization, IVs interfere with other physiological processes, including 
hormonal control of larval growth and development, to facilitate their survival in 
the host organism (Dover et al., 1988a, b; Shelby and Webb, 1994, 1997; 
Vinson, 1990). Given the widespread distribution of Inxs in insect tissues (Hong 
et al., 2008a; Stebbings et al., 2002a) and the fact that Vnxs are transcribed in 
multiple tissues of infected hosts (Turnbull et al., 2005), altered intercellular 
communication may contribute to multiple aspects of parasitic infection. We have 
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described differential interactions between the Vnxs and Inx2. The viral proteins, 
likewise, may differentially interact with other insect Inxs to bring about tissue-
specific effects.  
 
Conclusion  
 
 Our studies provide electrophysiological evidence of a functional insect 
innexin outside of Drosophila melanogaster. Specifically, these data demonstrate 
that innexin2, the most conserved insect innexin, forms functional channels in 
Spodoptera frugipera. This is important for several reasons. First, our lab has 
demonstrated that Sf-innexin2 is transcribed in multiple tissues, in particular, 
hemocytes following an immune challenge (Turnbull, unpublished). In 
combination with our current work, these date provide evidence that Inx2 may 
play functional roles during a cellular immune response. Second, our studies 
demonstrate that Sf-Inx2 exhibits similar conductance characteristics as Dm-
Inx2, suggesting there may be functional congruency for Inx2 across the insect 
lineage. Addressing comparisons such as these will be important in determining 
if Innexin knowledge can provide insight into the Pannexin and Connexin gap 
junctions. 
 In addition, our data generate interesting hypotheses on the mechanism 
of action of Ichnovirus-encoded vinnexins. Further tools are required to test these 
hypotheses in the parasitoid-host system. Antibodies to Vnx proteins and 
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lepidopteran Inxs, not yet available, will be crucial to examine the relative 
distribution of the proteins in infected organisms. Analyzing the effects of the 
parasite, or more specifically the Vnxs, on tissues over- or under-expressing 
innexins will be insightful. At present, techniques for targeted manipulation of 
gene expression in lepidopterans are not well established. Translating the work 
into a more genetically tractable model, notably Drosophila melanogaster (e.g., 
(Duchi et al., 2010), would provide an alternative approach. 
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CHAPTER 3: 
INNEXINS AND VIRAL GAP JUNCTIONS EXHIBIT SIMILARITIES AND 
DIFFERENCES IN FUNCTION 
 
Introduction 
 
Gap junctions are found in virtually all mutlicellular animals and have been 
demonstrated to play critical roles in developmental and physiological processes. 
Two separate evolutionary events have given rise to gap junctions – the first 
giving rise to the innexin gene family, followed by the convergent evolution of the 
connexin gene family. The distribution of gap junctions places the innexins within 
prechordate lineages, the connexins in chordates, and the pannexins (innexin 
homologues) within mammals. Although much of our gap junction knowledge has 
come from the connexins and pannexins, the innexins display incredible 
diversity, both in function and in the range of species in which they have been 
identified. Therefore, an understanding of innexin biology has great potential in 
understanding how gap junctions may be regulated as well as provides a starting 
point for uncovering some of the novel roles gap junctions play. Innexin gap 
junctions are formed by two hemichannels, each being provided by two 
neighboring cells. In turn, each hemichannel is composed of six Innexins, which 
can either be all of the same Innexin (homomeric) or a combination of Innexins 
(heteromeric). Gap junctions can be made up by two of the same hemichannels 
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(homotypic) or two different hemichannels (heterotypic). Although the 
mechanisms determining the composition of Innexin hemichannels and gap 
junctions are largely unknown, there is evidence that various physiological 
processes require specific combinations of Innexin heteromerization – and failure 
to achieve this specificity can lead to defects in epithelial organization, 
embryogenesis, and neuronal connectivity (Firme et al., 2012; Lehmann et al., 
2006; Stebbings et al., 2000). Therefore, it is presumed that many gap junction-
regulated physiological processes can function only through the correct 
composition of Innexins. However, data describing the mechanisms in which 
innexins traffic to form hemichannels and gap junctions is largely lacking. 
A prime example of the breadth of innexin diversity lies in the polydnavirus 
system, where innexin homologues have been identified and are thought to 
perform immunosuppressive roles. Polydnaviruses exist as double-stranded 
segments in a proviral state within the genomes of germ cells of braconid and 
ichneumonid parasitoid wasps. Although the two lineages of viruses share similar 
life cycles and implications in immunosuppressive roles, virus acquisition evolved 
independently (Volkoff et al., 2010). Propagation of the virus is limited to the 
ovarian cells of pupal and adult female wasps (Dupuy et al., 2006; Turnbull and 
Webb, 2002b), while an encapsidated virus is injected during parasitization of 
caterpillar larvae (Lepidoptera). The expression of these polydnavirus genes 
within the parasitized host results in developmental cessation and alterations in 
immune responses, which includes the primary cellular parasitoid defense 
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mechanism, encapsulation. However, the viral mechanisms that drive 
suppression of this particular immune response are largely unknown. 
Polydnavirus genes make up numerous families and among the genome 
of Campoletis sonorensis Ichnovirus (CsIV), there are five families that have 
been identified. These include the cysteine-motifs, vankyrins, repeat element 
genes, N family, and vinnexins. The majority of the work has focused on the 
cysteine-motifs and vankyrins, which have been shown to play roles in inhibition 
of various immune processes (Cui et al., 2000; Fath-Goodin et al., 2009; 
Kroemer and Webb, 2005; Li and Webb, 1994). Currently, little is known about 
the function of the repeat element, N family, and vinnexin (Vnx) genes, which 
share homology with the gap junction-encoding innexin gene family. Recent 
evidence suggests the vinnexins might play a role in suppressing the 
encapsulation response through the disruption of gap junction-mediated signals 
(Marziano et al., 2011; Turnbull et al., 2005). 
Here, I have focused on characterizing the most conserved innexin among 
the most diverse group of organisms – the insects. This innexin, called innexin2 
(Inx2) is expressed broadly throughout Drosophila melanogaster oogenesis and 
embryogenesis forms homomeric and heteromeric channels for communication, 
as well as possibly playing structural roles through interacting with adherens 
junctions (Bauer et al., 2002; Bauer et al., 2004; Bauer et al., 2003; Bauer et al., 
2006; Bohrmann and Zimmermann, 2008; Lehmann et al., 2006; Stebbings et al., 
2000). In addition, Dm-Inx2 has been demonstrated to play roles in propagating 
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calcium signaling in response to epidermal damage, as well as other metabolic 
pathways (Razzell et al., 2013). Finally, our lab has demonstrated increased inx2 
transcripts within hemocytes (insect immune cells) of caterpillars following an 
immune challenge (Turnbull, unpublished). Together, these data suggest a broad 
significance for innexin2, and that understanding the mechanisms that regulate 
its function will be broadly applicable, thus providing a greater understanding of 
innexin biology. Furthermore, having an understanding of these mechanisms 
may shed light on convergent functions for the unrelated connexins and 
pannexins. 
In addition to innexin2, I have focused on characterizing the vinnexins 
from CsIV. Previous studies have demonstrated that all four vinnexins in CsIV, 
Innexin2 from the permissive host Spodoptera frugiperda (Sf-Inx2), and channels 
comprised of a Vinnexin and Innexin2 form functional gap junctions in the 
heterologous Xenopus system (Marziano et al., 2011; Turnbull et al., 2005). Most 
importantly, Vinnexins altered the activity of gap junctions when expressed with 
Sf-Inx2, suggesting the Vinnexins may alter cellular communication through the 
formation of heteromeric/heterotypic gap junctions with Innexins. Here, we chose 
to focus on VnxG and VnxQ2 specifically, considering their contrasting channel 
conductance properties. VnxG channels are voltage sensitive, formed 100% of 
the time, and demonstrates the highest conductance of the Vinnexins (8.02 ± 
2.50 µS), whereas VnxQ2 is not voltage sensitive, only formed 74% of the time, 
and exhibits lower conductance (2.52 ± 0.30 µS) in Xenopus oocytes (Marziano 
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et al., 2011).  Together, the differences in electrophysiological characteristics of 
VnxG and VnxQ2 may reflect functional differences in an insect model. 
Here, I describe the localization of Sf-Inx2, Cs-VnxG and Cs-VnxQ2 with 
respect to possible dependencies on the cytoskeletal network, to address the 
possibility of Innexin-Vinnexin hemichannel and gap junction formation. 
Furthermore, we have performed functional assays to determine the functional 
implications for the Vinnexins within cultured insect cells. We show that both Sf-
Inx2 and the vinnexins depend on the microtubule and actin networks to properly 
traffic to the cell membranes. In addition, Vinnexin expression induce 
morphological changes when expressed in cultured insect cells, but do not 
exhibit similar junctional activity as seen in Xenopus oocytes. We also 
demonstrate that gap junction activity is required during the encapsulation 
response in S. frugiperda larvae, but is not affected in vitro, using stable-
expressing Vinnexin High Five™ cells. Together, demonstrating common 
trafficking pathways among all gap junction molecules is the first step to 
determining if the innexins share convergent functions with the connexins. In 
addition, understanding the role of the vinnexins provides an avenue to explore 
novel functions for innexin gap junctions in parasite manipulation. 
 
Results 
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Spodoptera frugiperda Innexin2 and CsIV VinnexinG and VinnexinQ2 colocalize 
and use common trafficking mechanisms 
 
Based on previous data, we knew Sf-Inx2 and CsIV-VnxG and CsIV-
VnxQ2 form functional channels, and therefore, localize to the cell membranes in 
Xenopus oocytes (Marziano et al., 2011). We wanted to confirm this localization 
within insect cells. Therefore, we cloned the same three gap junction genes into 
plasmid vectors under the baculovirus IE promoter to be stably expressed with 
V5 epitope tags in hemocyte-like High Five cells (from Trichoplusia ni; Life 
Technologies). We included a negative control vector that lacked expression of a 
gap junction gene. Western blot analysis confirmed our recombinant proteins 
were expressed at the predicted size (Fig. 8A), and immunomicroscopy 
confirmed localization to the cell membranes (Fig. 8B).  To confirm membrane 
localization, cell surface biotinylation studies were performed. Cell surface 
biotinylated proteins were pulled down with streptavidin beads and analyzed with 
V5 and tubulin antibodies via western blotting. These data demonstrate that Sf-
Inx2, CsIV-VnxG, and CsIV-VnxQ2 localize to the cell surface (Fig. 8C). In 
addition, tubulin was not detected in our biotinylated fraction to confirm labeling 
was restricted to the cell surface (Fig. 8C). 
Although we knew Innexin-Vinnexin heterotypic gap junctions could form 
within Xenopus, one of the outstanding questions in light of the 
electrophysiological data was whether the Vinnexins altered the localization of 
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Sf-Inx2. Therefore, we wanted to characterize the localization of Inx2, VnxG, and 
VnxQ2 within insect cells, specifically when co-expressed. When we transfected 
stable Sf-Inx2-V5 High Five cells with either VnxG-myc or VnxQ2-myc (both 
expressed under the same IE promoter), we observed significant colocalization, 
suggesting Innexin-Vinnexin interactions during the formation of hemichannels 
(Fig. 9A). Complete colocalization was visualized in stable-expressing VnxG-V5 
cells transfected with VnxG-myc, suggesting that localization was not affected by 
either of the epitope tags (Fig. 9A). Furthermore, the expression of a Vinnexin did 
not alter the localization of Inx2 to the cell membranes. These studies suggest 
that Innexins and Vinnexins may interact during the formation of hemichannels 
and trafficking to cell membranes where gap junctions can form. 
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To verify that the Vinnexins can physically interact with Innexins, we 
performed pull-down experiments with VnxQ2-V5 from our stable-expressing 
cells, coupled with an in vitro transcription-translation synthesized 35S-
Methionine-labeled Inx2. Using VnxQ2 as bait protein and  Inx2 as prey, we 
demonstrated that the two proteins are capable of physically interacting (Fig. 9B). 
These data provide evidence that hemichannels and/or gap junctions may be 
composed of a combination of Innexins and Vinnexins. This supports our 
hypothesis that the Vinnexins may alter cell-cell communication during the 
encapsulation response by forming heteromeric hemichannels and heterotypic 
gap junctions with the Innexins. 
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Spodoptera frugiperda Innexin2 and CsIV VinnexinG and VinnexinQ2 use 
common trafficking mechanisms 
 
Connexins and Pannexins are dependent on actin and microtubule 
networks to localize properly. Therefore, we wanted to address whether Sf-Inx2 
shares this same dependency, in addition to VnxG and VnxQ2. To test this, we 
used actin and tubulin depolymerizers, Cytochalasin B and Nocodozole, 
respectively. Stable expressing cells were seeded for 60 h, chemically treated for 
4 h, and processed for imaging. From our immunomicroscopy, localization of 
Inx2, VnxG, and VnxQ2 was disrupted, suggesting dependencies on cytoskeletal 
networks (Fig. 10). In combination with our colocalization studies and 
demonstration of Innexin-Vinnexin physical interaction, common dependencies 
suggest these interactions may occur during the formation of hemichannels 
trafficking to the cell membrane. Furthermore, these data suggest shared 
trafficking mechanisms among Innexin, Pannexin, and Connexin gap junctions. 
 
Gap junctions regulate encapsulation in S. frugiperda but vinnexins do not affect 
encapsulation in High Five cells  
 
 Considering evidence for innexin transcription within hemocytes of 
caterpillars following an immune challenge and formation of gap junctions in 
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capsules, we addressed the role for gap junctions during an encapsulation 
immune response within the relevant vinnexin host, Spodoptera frugiperda. 
We injected three 4th instar S. frugiperda with Congo Red-stained DEAE-
sephadex beads and the gap junction inhibitor, Carbenoxolone to reach a final 
intrahemocoel concentration of 1 mM. In addition, three 4th instar larvae were 
injected with water as controls. All larvae were dissected 5 h following injection 
and beads were removed and scored for encapsulation. Encapsulation was 
considered complete when hemocytes were tightly packed around beads, which 
took about 5 hours (Fig. 11A). Larvae injected with water controls were fully 
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encapsulated 92% of the time, whereas beads from Carbenoxolone-injected 
larvae were fully encapsulated 49% of the time (p=0.02; Fig. 11B). Cell viability 
was tested by trypan blue staining of bled hemocytes during each of the three 
replicates (for each replicate, n=3) and showed no significant difference (data not 
shown). Together, these data support a role for gap junction communication 
during the cellular encapsulation immune response. 
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Next, we addressed whether the vinnexins affect encapsulation. Using our 
stable-expressing cell lines, we performed in vitro encapsulation assays. Based 
on previous work, DEAE-sephadex beads were chosen as an encapsulation 
target and all assays were performed in PCR tubes with end-over-end rocking to 
mimic a dynamic hemocoelic environment within lepidopteran larvae. 
Encapsulation was scored on a scale of 0-2, with 0 representing absence of 
encapsulation and 2 representing complete encapsulation. We found that all of 
our cell lines exhibited similar degrees of encapsulation (Fig. 12A). 
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Ectopic expression of Vinnexins alters cell morphologies but not dye transfer in 
High Five cells 
 
We were also interested in exploring possible consequences for the 
vinnexins within our insect cell culture system. Considering the possibility for gap 
junctions to play roles in establishing or maintaining cell structure, we tested if 
vinnexin-expressing cells exhibited any morphological changes. We seeded 
stable-expressing Inx2, VnxG, VnxQ1, and VnxQ2 High Five cells onto plastic 
cover slides for 24 h and measured various parameters, including average cell 
area and circularity. These data suggest that there was a reduction in area and 
increase in circularity for cells ectopically expressing Inx2, VnxQ1, and VnxQ2, 
whereas VnxG showed an increase in area (Fig. 12B, C). These differences in 
cell morphologies are interesting and may reflect different functions for the 
vinnexins. 
In addition, we wanted to address whether these morphological changes 
correlated with gap junction function. To do this, stable-expressing Inx2, VnxG, or 
VnxQ2 High Five cells were seeded in plastic dishes for 36h, followed by 
microinjection of the gap junction-permeable dye, Lucifer yellow. In pilot assays, 
cells exhibited the greatest dye transfer 36 h post-seeding and therefore, this 
was the time point that was selected for the experiment. High Five cells not 
ectopically expressing a gap junction transferred dye to neighboring cells 20% of 
the time (Fig. 13A-B). Both VnxG and VnxQ2-expressing cells transferred dye at 
56 
 
similar consistency (26.7% and 23.3%, respectively; Fig. 13). It is worth 
mentioning that for these cell lines, transfer was limited to a single contiguous 
cell. In contrast, ectopically expressing Inx2-V5 exhibited transfer percentages of 
53.3%, which was significantly higher than control High Five cells (p=0.02, Fig. 
13). In addition, Lucifer yellow transfer frequently occurred to more than one 
neighboring cell and extended to cells that were not in contact with the injected 
cell (data not shown). 
 
 
 
Discussion 
 
Innexins are functionally diverse, as are the organisms in which they are 
found. However, very little is known about the mechanisms that regulate the 
functioning of Innexins. Understanding these mechanisms including trafficking 
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and turnover dynamics, posttranslational modification, and interacting protein 
partners will surely contribute to our ability to interpret and predict functional roles 
for the innexins. To start addressing some of these mechanisms, we chose to 
characterize Inx2 from Spodoptera frugiperda for several reasons. First, inx2 
shows the greatest conservation within the insect lineage and therefore, studies 
here could have broad implications across multiple systems. Second, there is 
increasing evidence for the importance of Inx2 in many processes, including 
development and physiology. Third, our lab has transcript data suggesting Inx2 is 
important in the cellular immune response (Turnbull, unpublished). Finally, 
Spodoptera frugiperda is a susceptible host for Campoletis sonorensis Ichnovirus 
and therefore (in combination with our lab’s transcription data) Sf-inx2 serves as 
a candidate Innexin to study with regards to the CsIV Vinnexins. 
We have previously demonstrated that the vinnexins alter the 
conductance of Sf-Inx2 when expressed in Xenopus (Marziano et al., 2011). 
Considering this, we chose to characterize VnxG and VnxQ2 in the relevant 
insect system because of their different electrophysiological effects on gap 
junctions. Specifically, VnxG channels are voltage sensitive, formed 100% of the 
time, and demonstrated the highest conductance of the vinnexins (8.02 ± 2.50 
µS), whereas VnxQ2 is not voltage sensitive, formed only 74% of the time, and 
exhibited lower conductance (2.52 ± 0.30 µS). 
 
Spodoptera frugiperda Innexin2 and vinnexins exhibit gap junction characteristics 
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The delivery of hemichannels to the cell surface has been described for 
Connexins and Pannexins and are dependent on the cytoskeletal network 
(Bhalla-Gehi et al., 2010; Fort et al., 2011; Giepmans et al., 2001; Guo et al., 
2003; Johnson et al., 2002). However, it is unknown whether the innexins 
depend on similar mechanisms for localization to the cell membranes. Here, we 
have shown that localization of ectopically expressed Innexin2 is to the cell 
membranes where gap junctions can form. In addition, we have shown that 
localization depends on both actin and microtubule networks, suggesting similar 
trafficking to Connexin and Pannexin gap junctions, which are also dependent on 
cytoskeletal networks. Such commonalities offer opportunity to predict the 
function of Innexins as well as possible convergent functions with other gap 
junctions. 
 
In vitro encapsulation is not affected by VnxQ1 or VnxQ2 expression in High Five 
cells 
 
 Here, we have demonstrated that gap junction communication is involved 
in regulating the encapsulation process in S. frugiperda larvae. To test our 
hypothesis that the vinnexins contribute to disruption of encapsulation via cell-cell 
communication, we performed in vitro assays with Vinnexin-expressing High Five 
cells. However, we did not detect any changes in encapsulation between control 
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High Five cells and High Five cells expressing VnxQ1 or VnxQ2. In addition, 
several other approaches have been attempted to understand the role of the 
vinnexins during encapsulation. Some of these approaches include larval 
injections of Vinnexin-expressing High Five cells, in vivo transfections with 
vinnexin expression vectors, and explanted hemocyte assays in combination with 
Vinnexin-expressing cells (data not shown). However, these approaches either 
did not yield data that demonstrated significance for the vinnexins, or have not 
been tested thoroughly to draw conclusions. 
 
Innexin2 is functionally different from vinnexins 
 
Our studies demonstrate that the ectopic expression of Vinnexins leads to 
different altered cell spreading behaviors. In addition to VnxQ1 and VnxQ2, Inx2 
expression led to a decrease in cell spreading and increase in circularity, 
whereas VnxG increased cell spreading and slightly increased circularity. 
Although we cannot conclude what the exact roles are for the vinnexins, it is 
apparent that the ectopic expression of a vinnexin affects cell spreading. Prior 
studies have shown that Drosophila Innexin2 localizes to cell membranes and 
potentially contributes structural roles through interaction with proteins of the 
adherens junctions (Bauer, 2006). We did not assess possible binding partners, 
such as adherens junction proteins with innexin or vinnexin gap junctions. 
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However, our data suggest that the morphological changes witnessed could be 
reflective of different interactions with various structural proteins. 
Although the vinnexins did not appear to affect gap junction activity in the 
dye transfer assay, the ectopic expression of Inx2 did. This suggests that the 
Vinnexins differ functionally from Inx2, although the source of these differences is 
currently unknown. It is possible that the Vinnexins are affecting gap junction 
activity through the transmission of molecules that could not be visualized in our 
current system. Our approach of addressing gap junction activity in cell 
monolayers under normal cell culture conditions was a starting point. However, 
vinnexin activity may only be inducible under specific conditions. 
One avenue to explore is the relevant cellular immune response, known 
as encapsulation. Evidence has shown that gap junctions form and function 
within these capsules (Churchill et al., 1993; Eggenberger et al., 1990). We also 
know that vinnexins are expressed within hemocytes of an infected caterpillar 
host, where encapsulation is abolished (Turnbull, 2005). Together, these data 
suggest a role for Vinnexin disruption of cell-cell communication during the 
cellular immune response. Although we mimicked encapsulation in vitro with the 
same Vinnexin-expressing cell lines, we were unable to detect any noticeable 
differences in capsule formation. Together, these studies suggest that the effects 
of the vinnexins may be quite specific and subtle in function. Considering this, 
experiments in a more genetically tractable model such as Drosophila 
melanogaster may provide clues into the roles of the Vinnexins.  
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Conclusion 
 
It is apparent that Innexins play numerous roles in various physiological 
systems, but we are only beginning to understand the mechanisms that underlie 
their function. Therefore, a focus on these mechanisms must be made to fully 
understand the breadth of function for the Innexin family. Such studies should 
address the possibility for posttranslational modifications, as well as the 
dynamics of Innexin turnover. Having a strong grasp on these characteristics will 
assist in predicting the significance of the Innexins, as well as aid in determining 
commonalities and differences with the Pannexins and Connexins. Although 
Connexins evolved independently of the Innexins, similar characteristics between 
the two gene families may provide insight into convergent functions and support 
the use of Innexins as a general model for Pannexin and Connexin gap junctions. 
In light of the broad diversity of Innexins, the idea of a viral Innexin 
homolog is interesting. Vinnexins have been isolated from polydnaviruses and 
provide a prime example of the breadth of innexin diversity. Here, we have 
described both commonalities and differences between the Innexins and 
Vinnexins and future studies will shed light on how innexins have evolved to play 
novel roles in parasite manipulation. Furthermore, the Vinnexins provide a 
natural system that can offer insight into the underlying mechanisms and 
characteristics of Innexin function.  
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CHAPTER 4: 
IDENTIFICATION OF A NOVEL INNEXIN 
Introduction 
 
So far, I have demonstrated that the highly conserved innexin2 from 
Spodoptera frugiperda exhibits similar patterns of localization as Drosophila 
melanogaster innexin2, and is similarly dependent on cytoskeletal elements to 
traffick to the plasma membrane like Connexin and Pannexin gap junctions. 
Considering the breadth of functions that gap junctions exhibit, elucidating 
commonalities and differences among Innexins, as well as across Connexins and 
Pannexins, will advance our understanding of potential convergent and unique 
roles. Such functional diversity of the Innexins is evident at the genetic level, 
through the generation of multiple gene paralogs, as well as at the transcriptional 
level, through alternative splicing. Here, I have described an additional innexin2 
locus within the genome of S. frugiperda. Sequence analysis suggests that this 
gene is lacking approximately 75% of the predicted cytoplasmic loop sequence. 
Transcription of innexin2CLD (cytoplasmic loop deletion) differs from full-length 
innexin2 during molt cycles of S. frugiperda larvae as well as during an 
encapsulation immune response. Localization of Inx2CLD in High Five cells is 
restricted to the cytoplasm, contrasting the membrane localization of full-length 
Inx2, and both proteins are mislocalized following microtubule depolymerization. 
Together, these data suggest a non-junctional role for Inx2CLD. Such differences 
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in transcription and localization might be reflective of a novel function for the 
Innexins and provides another example as to how functional diversity has been 
accomplished. 
 
Results 
 
Spodoptera frugiperda innexin2cld is expressed differently from full-length 
innexin2 
 
We initially sequenced and cloned Sf-inx2 from Sf9 cells to generate 
various recombinant protein expression constructs (see Chapter 2). We 
performed PCR on cDNA with terminal primers and generated two distinct bands, 
which we isolated and sequenced. Analysis revealed two nearly identical 
innexin2 sequences, differing in the cytoplasmic loop region. Specifically, ~75% 
(40 amino acids) of the cytoplasmic loop was missing for one of the sequences, 
yielding a variant innexin2, which we are calling Innexin2CLD (Cytoplasmic Loop 
Deletion; Fig. 14A-B). We were able to amplify the two isoforms in both Sf9 cells 
and Spodoptera frugiperda larvae cDNA by generating a set of primers that 
flanked the cytoplasmic loop, thus generating two sequences that differed in 
~150 bp (Fig. 15A). 
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We then wanted to determine if Innexin2CLD was transcribed as a splice 
variant of innexin2 or from a separate innexin2cld locus. Using primers to amplify 
the entire innexin2 sequence and primers that flanked the cytoplasmic loop, we 
performed PCR on RNase-treated genomic DNA from S. frugiperda larvae. We 
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observed that Innexin2CLD is transcribed from a separate innexin2cld  locus 
(Fig. 15B), which is  intriguing, considering that evidence for expression of a 
single innexin from separate loci has not been reported in the literature. 
 
Sf-inx2cld and Sf-inx2 are differentially transcribed during larval development and 
the encapsulation immune response 
 
We then analyzed expression patterns of the Sf-inx2cld with respect to the 
full-length gene. We collected staged S. frugiperda larvae at 6 h time points 
flanking the third and fourth molt periods and performed RT-PCR using our 
primers that flanked the cytoplasmic loop, and gapdh as loading control. We 
found that both isoforms were transcribed at all of our sampling periods (Fig. 
15C, left panel). However, inx2cld was expressed at lower levels, but surprisingly 
increased prior to the fifth instar molt. 
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We have evidence that full-length innexin2 is transcribed both before and 
after an immune challenge in hemocytes (Turnbull, unpublished), and that gap 
junctions function during the encapsulation immune response (Hasegawa, 
unpublished). Therefore, we characterized transcript patterns of innexin2 and 
innexin2cld during an induced immune response. We injected ten 4th instar S. 
frugiperda larvae with DEAE-sephadex beads to induce an encapsulation 
immune response. Six hours following injection, larvae were bled to collect free-
floating hemocytes that were not integrated in encapsulated layers. In addition, 
these larvae were dissected and encaspulated beads were recovered and RT-
PCR was performed on all hemocyte samples. Control samples consisted of 
hemocytes isolated from ten larvae that were not injected, as well as ten larvae 
that were mock immune challenged with PBS. Our data suggest that both inx2 
and inx2cld are transcribed in hemocytes under normal and mock-immune 
challenged conditions (Fig. 15C, right panel). However, we saw a decrease of 
inx2cld and an increase in inx2 expression in free-floating hemocytes from 
encapsulation-induced larvae. Furthermore, the levels of expression for both 
genes return to normal once hemocytes are integrated within capsules (Fig. 15C, 
right panel). Together, these data suggest the two isoforms are differentially 
expressed and therefore, may be involved in performing unique functions. 
 
Sf-Inx2CLD exhibits unique localization 
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 Considering the absence of the majority of the conserved cytoplasmic loop 
domain, we predicted Innexin2CLD would exhibit differences in localization. 
Therefore, we stably expressed Sf-Inx2-V5 and Sf-Inx2CLD-V5 in High Five cells 
and analyzed localization 60 h following plating. Interestingly, Sf-Inx2CLD-V5 
exhibited uniform cytoplasmic localization, in contrast to membrane and punctate 
cytoplasmic localization of Innexin2-V5 (Fig. 16A). In addition, we performed cell 
surface biotinylation studies, which supported that Inx2CLD is predominantly 
restricted to the cytoplasm, and suggests a non-junctional role (Fig. 16B). Tubulin 
was not detected in our biotinylated fraction, confirming labeling was restricted to 
the cell surface (Fig. 16B). 
 
Sf-Inx2CLD localization is dependent on microtubules 
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 Evidence from the Connexin literature suggests a role for the cytoplasmic 
loop in the voltage gating of gap junctions, as well as interacting with other 
proteins, including tubulin, a key cytoskeletal component. Although we have not 
specifically analyzed similar interacting Innexin domains, we have demonstrated 
that Sf-Inx2 localization is dependent on actin and microtubule networks (Chapter 
3). Therefore, we hypothesized that the cytoplasmic loop of Sf-Innexin2 might 
play a role in localization through the interaction with the microtubule network. 
Considering Sf-Inx2CLD is lacking ~75% of the cytoplasmic loop, we addressed 
the effects of actin and microtubule depolymerization on protein localization. 
Using stable-expressing Inx2CLD-V5 High Five cells, we applied Cytochalasin B 
(actin depolymerizer) and Nocodozole (microtubule depolymerizer) to our cells 
60 h following plating, for 4 h. Surprisingly, we saw Inx2CLD-V5 localization was 
dependent on the microtubule network (Fig. 17A), as well as the actin 
cytoskeletal network. Together, these data suggest that the cytoplasmic loop 
domain of Innexin2 may not play a major role in microtubule-dependent 
trafficking, as originally hypothesized. 
 
Sf-Inx2 and Sf-Inx2CLD localization differs following endocytosis 
 
Considering the differences in localization and transcription during a 
cellular immune response, we hypothesized that cells expressing Inx2CLD would 
respond differently to an induced response, such as endocytosis. Therefore, we 
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generated Inx2-mCherry and Inx2CLD-mCherry constructs to visualize proteins 
in real time. Using these constructs, we transfected High Five cells and applied 
FITC-dextran beads to them 24 h post-seeding, and visualized uptake for up to 
24 h. These studies demonstrated an apparent difference in the distribution of 
endocytic vesicles, as well as the relative localization of Inx2CLD-mCherry. Cells 
ectopically expressing Inx2-mCherry appeared to undergo more endocytosis, 
and there was strong colocalization between Inx2-mCherry and internalized 
FITC-dextran beads (Fig. 17B). In contrast, cells expressing Inx2CLD-mCherry 
appeared to have fewer endocytic vesicles and colocalization was not observed 
between Inx2CLD-mCherry and FITC-dextran beads (Fig. 17B). Although the 
implications of these data have not been explored in further detail, we have 
provided evidence for an innexin2 that is transcribed and localized differently 
from full-length innexin2 during development and a cellular immune response. 
 
72 
 
 
 
Discussion 
 
Innexin diversification has resulted in the performance of numerous roles 
through genetic duplication events, alternative splice forms, and heteromerization 
during the formation of hemichannels and gap junctions. Here, we have 
discovered a new innexin in Spodoptera frugiperda that is identical to innexin2, 
with the exception that it lacks a majority of the cytoplasmic loop sequence. 
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These results provide evidence for a potential novel mechanism of functional 
diversification for the innexins. 
 
Sf-Inx2cld is differentially expressed in larval development and hemocytes 
 
We have also demonstrated that Sf-inx2cld is expressed throughout 
development, and in hemocytes at low levels with regard to the full-length Sf-
inx2. However, we saw an increase in transcription of inx2cld 6 h prior to the last 
larval molt. In addition, we saw a decrease in expression within free-floating 
hemocytes in immune challenged larvae, with an increase of expression for the 
full-length innexin2. Considering differential expression between inx2 and 
inx2cld, during times of cell mortality (i.e. molting and encapsulation), future 
studies should test the potential role for Innexin2CLD in the regulation of cell 
turnover, although differences were not apparent in our studies (data not shown). 
 
Spodoptera frugiperda Innexin2CLD localization is restricted to the cytoplasm 
and is dependent on the cytoskeletal network 
 
Previous studies have shown that the cytoplasmic loop of Connexins is 
involved in voltage gating of gap junctions. In addition, the loop has been 
implicated in interacting with β-tubulin, but at a much lower affinity than other 
Connexin domains (Kang, 2009; Ponsaerts, 2010; Peracchia, 1997). In light of 
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our data demonstrating that Sf-Inx2 localization is restricted to the cytoplasm and 
is dependent on the microtubule network, we hypothesized that Inx2CLD would 
not share these same dependencies. However, we found localization of Inx2LCD 
was also altered when microtubules and actin were disrupted, suggesting that 
this domain does not play a major role in microtubule-dependent trafficking. 
There is also evidence that the cytoplasmic loop of Drosophila 
melanogaster Innexin2 is the interacting domain during heteromeric interaction 
with Innexin3 (Lehmann et al., 2006). Furthermore, the cytoplasmic loop of 
Innexin3 is involved in homomeric interactions. Therefore, we can hypothesize 
that the cytoplasmic loop is likely involved in similar oligomer combinations within 
Spodoptera frugiperda. Therefore, possible Innexin oligomerization with Inx2CLD 
could lead to the mislocalization of hemichannels, which may ultimately affect 
both structural and functional cellular processes. 
 
Inx2CLD-expressing cells undergo differences in endocytosis 
 
Here, we looked at differences in FITC-dextran uptake and saw that cells 
ectopically expressing Inx2-CLD-mCherry exhibit reduced endocytosis compared 
to cells ectopically expressing full length Inx2-mCherry. In addition, endocytic 
vesicles did not localize with Inx2-CLD, whereas localization between vesicles 
and Inx2-mCherry was more frequent. Therefore, we can hypothesize that 
Inx2CLD plays an active role in inhibiting endocytosis.  Furthermore, the absence 
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of colocalization between Inx2CLD-mCherry and endocytic vesicles could be due 
to Inx2CLD’s lack of localization to the cell membrane, where vesicles form. 
Although our data does not favor one of these interpretations, it is known that 
connexin gap junctions are endocytosed and degraded via autophagosomal and 
endo-/lysosomal pathways (Falk et al., 2009; Falk et al., 2012), which supports 
our latter hypothesis that only Inx2 was incorporated into endocytic vesicles due 
to localization to the plasma membrane. 
 
Conclusion 
 
Here we have demonstrated that a second Spodoptera frugiperda 
innexin2 locus lacking the cytoplasmic loop is expressed during development and 
cellular immunity. Currently, the biological relevance of innexin2cld is unclear, 
although we have provided evidence that there are fundamental differences in 
expression patterns and cellular localization from full-length innexin2. This 
conclusion is intriguing because to date, a second innexin2 locus has not been 
described for the innexins and to my knowledge, has not been described for any 
other gap junctions. Our data in combination with the gap junction literature 
suggests Inx2CLD has unique characteristics in transcription, localization, 
interacting protein partners, and degradation.  Outstanding questions include, 
what is the significance of having a second Innexin2 locus? And what is the 
relevance of expressing an innexin that lacks a cytoplasmic loop? Answering 
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these questions will contribute to a greater understanding as to how innexins 
have been able to accomplish such a large range of functional diversification, as 
well as shed light on possible functional mechanisms for other gap junctions. 
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FINAL REMARKS 
 
 Today, it is well established that gap junctions orchestrate a multitude of 
cell types in maintaining homeostasis and performing many physiological 
processes. Although it is apparent that gap junction evolution occurred twice, it is 
unclear as to how much functional and mechanistic congruency exists between 
the two families. To address this issue, we must have a better understanding of 
the Innexins, where data are largely lacking. Considering the extent of innexin 
diversity, this may seem like a daunting task. However, we can start by looking 
for fundamental characteristics that both unify and distinguish Innexins within 
their own family, as well as from the Pannexins and Connexins. Such 
characteristics to determine include potential for posttranslational modifications, 
trafficking and turnover dynamics, determining the significance of sequence 
topologies, and gaining spatial and temporal information regarding 
oligomerization of hemichannels and other protein binding partners. I have begun 
to address some of these characteristics by focusing on the most conserved 
innexin gene within insects. In addition, I have characterized the viral Innexins, 
an example of functional diversity, and have provided data to support a role for 
them in parasite manipulation. Finally, I have characterized an additional innexin 
gene, which provides a novel example as to how innexins may accomplish such 
breadth of function. Continuing to understand the commonalities and differences 
within and across gap junction families will provide insight into how much 
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functional comparison can be made between the Innexins, Pannexins, and 
Connexins. 
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APPENDIX A. 
 MATERIALS AND METHODS 
 
Synthesis of pIZT/V5-His, pIZT/myc-His, and pIZ/mCherry constructs for 
expression in insect cells 
 
CsIV vinnexins, cs-vnxg and cs-vnxq2 were PCR amplified from CsIV 
genomic DNA (provided by Dr. Bruce Webb) for cloning into the pIZT/V5-His 
vector (Invitrogen). Cs-vnxg was amplified with primers 5’-
GGTACCACGATGgTGC and 5’-CACCGCGGTAAAGCATCC and cs-vnxq2 with 
5’-AAATCTAGAATGgTTAACATTC and 5’-
AATCCGCGGTAAAACGTCCGCATC. Sf-inx2 was amplified from cDNA 
synthesized from Sf9 RNA, using the primers 5’-GAATTCGCCATGgTTGAC and 
5’-TCTAGAGTCAACACACTGTCCTTC. Appropriate restriction sites (underlined) 
were incorporated into all primers to facilitate cloning, and gene sequence altered 
to introduce a Kozak consensus sequence (g/aNNATGgxx) into the forward 
primer (denoted by lower case g in forward primers) and to remove the stop 
codon, producing a C-terminal fusion to the V5-His epitopes. Clones were 
sequenced (Clemson University Genomics Institute) to ensure fidelity and frame. 
 The pIZT/myc-His vector was synthesized from a pIZT/V5-His backbone, 
using a myc-encoding dsDNA sequence insert following removal of the V5 
encoding sequence. The forward myc oligo was 5’ – 
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GGTTCGAAGAGCAGAAGCTCATCTCTGAGGAGGACCTCCGTA and the 
reverse myc oligo was 5’ – CCGGTACGGAGGTCCTCCTCAGAGATGAGCTT-
CTGCTCTTCGAACCGC. Aliquots of the two oligos were combined, heated to 
90oC and permitted to cool to room temperature, providing dsDNA with terminal 
SacII and AgeI linker sequences flanking the myc sequence (Glu-Gln-Lys-Leu-
Ile-Ser-Glu-Glu-Asp-Leu). pIZT/V5-His was digested with SacII and AgeI, low-
melt gel isolated, purified, and treated with calf intestinal phosphatase 
(Promega). The dephosphorylated vector was ligated to the dsDNA myc oligo. 
This resulted in a vector with an unchanged MCS relative to the pIZT/V5-His 
vector, as verified by sequencing. The pIZT/cs-vnxg-V5-His and pIZT/cs-vnxq2-
V5-His constructs were digested, the vinnexins isolated and inserted into 
homologous sites of pIZT/myc-His to generate vinnexin-myc-His fusion products. 
 Spodoptera frugiperda innexin2 and innexin2CLD were PCR amplified 
from cDNA of Sf9 cells (Invitrogen) and cloned into the pIZ/mCherry vector 
(Invitrogen). Both were amplified with primers 5’-
GGATCCATGTTTGACGTATTCG-3’ and 5’-TCTAGACTACACACTGTCCTTC-3’. 
Appropriate restriction digest sites (underlined) were incorporated into primers to 
facilitate cloning and generate an mCherry N-terminal fusion. 
 
Synthesis of constructs for expression in Xenopus oocytes 
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 Cs-vnxD and Cs-vnxG were subcloned into the pSPJC2L expression 
vector, for expression in Xenopus oocytes, as previously described (Turnbull et 
al., 2005). Similar methods were used to generate Cs-VnxQ1-pSPJC2L, Cs-
VnxQ2-pSPJC2L, and Sf-Inx2-pSPJC2L. Cs-vnxQ1 was PCR amplified from 
CsIV genomic DNA (courtesy of Dr. Bruce Webb, University of Kentucky) using 
the primers 5’-CCCATATGAACGCACCATGCTCAAGA and 5’-
GCCATATGATTAGACACAGTTACAAT; Cs-vnxQ2 was amplified using the 
primers 5’-CTAGATCTCTTCATACTGTTCACGATG and 5’-
CATCATATGGTAAATCATGTCAAACG. Sf-inx2 was amplified from Sf9 cDNA, 
synthesized from DNase I-treated total RNA isolated from Sf9 cells, using the 
primers 5’ – ATAAGCTTGCCATGTTTGACGTATTC and 5’ - 
GAATTCGACTACACACTGTCCTTCC. Amplimers were cloned into pGEM-T 
Easy (Promega), sequenced, and subcloned into pSPJC2L using the underlined 
restriction site. 5’ capped, polyA RNA was synthesized as previously described 
(Turnbull et al., 2005), and verified by spectrophotometry, gel electrophoresis, 
and in vitro translation by rabbit reticulocyte assay (Ambion). 
 
Spodoptera frugiperda rearing 
 
 Spodoptera frugiperda were reared at 27°C on a 12 h photoperiod. Larvae 
were reared in individual 1 oz. plastic cups on an artificial diet made up in 1 liter 
batches including, 125 g dry pinto beans soaked in water overnight, 35 g 
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granulated agar melted, 100 g wheat germ, 50 g soy protein, 50 g casein, 62.5 g 
torula yeast, 6 g ascorbic acid, 5 g methyl paraben, 3 g sorbic acid, 10 g vitamin 
mix (BioServ USDA premix), and 0.25 g tetracycline. Thirty pupae were placed in 
a single one-gallon glass jar covered with paper towels and supplemented with 
honey and molasses soaked cotton balls once adults emerged. Eggs were 
collected from paper towels and placed into 5 oz. plastic cups with artificial diet 
until larvae reached the second instar stage. At this point, individual larvae were 
separated into individual 1 oz. plastic cups. 
 
Cell culture maintenance and transfections 
 
 High Five™ cells, referred to as H5 cells, from Trichoplusia ni 
(Lepidoptera: Noctuidae) were obtained from Invitrogen Corp. and maintained as 
adherent cells at 27°C in TnMFH media (Mediatech) supplemented with 5% FBS. 
Transfections were performed with Cellfectin II Reagent (Invitrogen) or PEI 
reagent (PolySciences, Inc.) according to manufacturer (Invitrogen or Geng et. 
al, 2005, respectively). H5 lines stably transfected were established by selection 
with zeocin, according to manufacturer (Invitrogen) and were maintained in 
TnMFH + 5% FBS. 
 
Transcription of Inx2 and Inx2CLD in Spodoptera frugiperda 
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 For developmental expression patterns, three Spodoptera frugiperda 
larvae were collected at the third instar 6hr pre-molt, fourth instar 6hr post-molt, 
fourth instar 12hr post-molt, fourth instar 6hr pre-molt, and fifth instar 6hr post-
molt. Larvae were flash frozen in liquid nitrogen and ground with a mortar and 
pestle, followed by RNA isolation (Ambion, RNAqueous kit), DNase treatment, 
and subjection to oligo-dT primed reverse transcription (NEB, Protoscript).  
 For encapsulation expression patterns, five staged 4th instar larvae 
received an intra-hemocoelic injection of 10 µl Congo Red-stained DEAE 
Sephadex beads (Sigma) in PBS to induce an encapsulation response. In 
addition, five larvae were mock injected with 10 µl of PBS and five larvae were 
uninjected. Six hours following injection, all larvae were clipped at the fourth 
proleg and hemocytes were bled into ice cold PBS. In addition, larvae were 
dissected open and DEAE sephadex beads were recovered and placed into ice 
cold PBS. All samples were centrifuged for 10 m at 500 x g, and cell pellets were 
harvested for RNA, DNase treated, and subjected to RT-PCR as mentioned 
above. 
 To distinguish the full-length Sf-inx2 and the truncated Sf-inx2cld, primers 
were designed to flank the cytoplasmic loop (Fig. 12A-C) and generate 
amplimers with a difference of ~100 bp. In addition, gapdh was amplified from 
cDNA as a loading control. 
 
Encapsulation studies using High Five cells in vitro 
85 
 
 
 For in vitro encapsulation, High Five cells were suspended at 1.2x105 cells 
per 200 µl in a PCR tube and incubated with slow end-over-end rocking for 16 h 
at 27°C.  
 
Encapsulation studies using Spodoptera frugiperda larvae 
 
 To test the role of gap junctions in encapsulation in vivo, three 4th instar 
larvae were immobilized on ice and injected with a Hamilton #710 needle. Each 
larva received ~30 Congo Red-stained DEAE Sephadex beads (Sigma) 
suspended in 10 µl of concentrated Carbenoxolone (Sigma) to achieve a final 
concentration of 10 mM in the hemocoel. In addition, three 4th instar larvae were 
injected with beads and water controls. Larvae were bled on ice into anti-
coagulant buffer (0.098M NaOH, 0.186M NaCl, 0.017M EDTA, 0.041M Citric 
acid, pH 4.5), centrifuged for 5 m at 500 x g and resuspended in PBS (pH 7.0) 
and stained with trypan blue to assess viability. Each larva was also dissected 
and beads were recovered in PBS and imaged and scored. Three replicates 
were performed, using three larvae per replicate. 
 
Cytoskeletal inhibitors, endocytosis, and immunomicroscopy 
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 Cells were subjected to actin or tubulin inhibitors: 2.5 μg/ml Cytochalasin 
B (Acros Organics) or 10 μM Nocodozole (Acros Organics) respectively, for 90 m 
at 37°C, 60 h post seeding. 
 High Five cells were transfected with pIZT/Inx2-mCherry or pIZT/Inx2CLD-
Cherry and were subjected to FITC-dextran beads (Sigma) at 50 ug/ml and 
incubated for 24 h at normal culture conditions. Cells were imaged and 
endocytosis was assessed. 
 Cells were fixed 36-60 h post seeding in PBS plus 3.7% 
paraformaldehyde, permeablized with PBST (PBS plus 0.02% TritonX-100), and 
blocked with 4% dry milk in PBST. Antibodies were diluted in PBST and included 
primary mouse anti-V5 1:200 (Invitrogen) and rabbit anti-myc 1:200 (Bethyl 
Laboratories) and secondary anti-mouse AlexaFluor598 1:1000 (Invitrogen) or 
anti-rabbit AlexaFluor350 1:1000 (Invitrogen). Imaging was performed using a 
Nikon Eclipse RE2000-s fluorescent microscope and processed with NIS 
Elements BR 3.0 software. 
 
Biotinylation 
 
 High Five cells stably-expressing Innexin2-V5, or Vinnexin-V5 were 
seeded in 25 mm2 flasks (Corning) and incubated under normal culture 
conditions for 60 h (at which nearly 100% confluency was reached). Cells were 
washed three times with ice cold PBS, pH 7.4 and incubated with 1.5 mg Biotin 
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(Thermo Scientific) in 3 mls PBS for 1 h at 4°C. Cells were washed with ice cold 
PBS, centrifuged, and resuspended in PBS with protease inhibitors (Thermo 
Scientific). Cells were sonicated and 1 mg total cell lysates were incubated with 
Streptavidin agarose beads (Thermo Scientific) for 1 h at 4°C in PBS to pull-
down biotinylated proteins. Bead complexes were washed five times with ice cold 
PBS and resuspended in reducing SDS-PAGE loading buffer to be analyzed via 
immunoblotting. Blots were probed with V5 antibodies to assess Innexin and 
Vinnexin cell surface localization and reprobed for tubulin to confirm that biotin 
labeling was excluded from the interior of cells. 
 
Biochemical interactions 
 
Bait VnxQ2-V5-His protein lysates were generated from stable-expressing 
H5 cells and 200-300 μg of cell lysate was added to nickel-chelated agarose 
beads (Pierce) in coupling buffer (40 mM 1:1 TBS:Lysis buffer; 25 mM Tris-HCl, 
0.15M NaCl, pH 7.2 : 25 mM Tris-HCl, pH 7.6; 150 mM NaCl; 1% NP-40; 0.5% 
TritonX-100; 0.1% SDS) and incubated for 4 h at room temperature with gentle 
rocking. Prey Inx2-S35 proteins were synthesized using the TnT in vitro 
transcription/translation kit (Promega) using linearized pSPJC2L/Inx2 as a 
template and according to manufacturer’s protocol. The bait-bead complex was 
washed three times and 3 µl prey protein was incubated with coupling buffer for 4 
h at room temperature with gentle rocking. Bead-bait-prey complexes were 
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washed six times and resuspended in reducing SDS-PAGE loading buffer to be 
analyzed via immunoblotting and autoradiography. 
 
Immunoblotting and autoradiography 
 
Cells were resuspended in lysis buffer (25 mM Tris-HCl, pH 7.6; 150 mM 
NaCl; 1% NP-40; 0.5% TritonX-100; 0.1% SDS + protease inhibitors), diluted in 
4X reducing loading buffer and boiled for 10 min at 95°C, and separated on 10% 
polyacrylamide gels via SDS-PAGE. Proteins were transferred to PVDF 
membranes and blocked with 4% dry milk in PBT (PBS plus 0.02% Tween-20). 
Antibodies used were diluted in PBT and included: mouse anti-V5 antibody 
1:2500 (Invitrogen), or mouse anti-tubulin 1:100 (DHSB), and goat anti-mouse 
HRP-antibody 1:10,000 (Jackson Immunoresearch) and visualized with ECL 
substrate (Pierce). For autoradiography, gels were incubated with destaining 
solution (20% methanol; 7% acetic acid) for 10 m,  washed with water, incubated 
in 1 M sodium salicylate acid for 30 m, and dried and exposed to film for 48 h at -
80°C. 
 
Cell spreading 
 
 For each replication, High Five cells were seeded in a four-well plastic 
permanox chamber slide (Thermo Scientific) at a density of 3x104 cells per 500 µl 
89 
 
media and incubated for 24 h under normal conditions. Five images were taken 
at a random field of view for each cell type and measurements of cell area, 
circularity, and elongation were performed using Nikon Elements Basic Research 
3.0 software. The procedure was repeated for three replications. 
 
Dye transfer 
 
 Cells were seeded in 60 mm plastic dishes (Falcon) for 36 h and followed 
by microinjection. Thin wall glass capillaries (1.0 mm; World Precision 
Instruments) were heat pulled with a Flaming/Brown Micropipette puller (Sutter 
Instrument Co. P-97; heat=680; pull=60; vel=80; time=200) and tips were broken 
with forceps to generate needles. Needles were backfilled with 1 mg/ml Lucifer 
Yellow warmed to 50°C and hooked into a Narishige IM300 microinjector. In 
conjunction with a Nikon Eclipse TE2000-s microscope (using NIS Elements BR 
3.0 software) on a floating table, cells were injected until a fluorescent exposure 
below 1 second was met and dye transfer was assessed every 30 s for up to 2 
m. Ten cells were injected for each cell type and replicated for a total of three 
times. One-way ANOVA was performed to determine statistical significance. 
 
Expression of innexin and vinnexin RNAs in paired Xenopus oocytes 
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The isolation, microinjection, and pairing of oocytes were performed 
essentially as described previously (Phelan et al., 2008a; Phelan et al., 1998b; 
Swenson et al., 1989). In brief, Xenopus laevis oocytes were incubated in Ca2+-
free Barth’s medium (Colman, 1984) containing 1 mg/ml each of collagenase 
(Roche Diagnostics) and hyaluronidase (Sigma Aldrich) for 30-60 minutes. 
Following exposure to protease inhibitors, Stage V-VI oocytes were defolliculated 
using a pair of fine forceps. Isolated cells were firstly preinjected (Nanoject 
injector, Drummond) with 20 ng Xenopus connexin 38 DNA antisense 
oligonucleotide (Phelan et al., 1998b)to prevent any endogenous coupling. After 
an approximately 18 hour incubation period, oocytes were microinjected with 2-
10 ng Sf-inx2 or vinnexin mRNA, alone or in combination, in 20 nl RNAase-free 
H2O. Alternatively, cells were injected with H2O alone as a control. Oocytes were 
then exposed to a hypertonic medium to aid the removal of the vitelline envelope, 
paired and incubated in Barth’s medium at 20°C for 24-48 hours. Potential 
coupling between paired oocytes was recorded using the dual voltage clamp 
technique (Spray et al., 1981) with borosilicate glass electrodes filled with 
recording solution (Phelan et al., 1998b). Data acquisition and analysis were 
carried out using pClamp 9.0 software (Axon Instruments). Junctional 
conductance (Gj) and its relationship to transjunctional voltage (Vj) were 
determined using previously described protocols (Verselis et al., 1991). Plots of 
Gj versus Vj were made in Origin 7 (OriginLab). Where possible, data were fitted 
to a Boltzmann equation, y = A2 + A1-A2/(1+exp((x-x0)/dx)), where A1 and A2 
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are maximum (Gjmax) and minimum (Gjmin) conductances, respectively, x0 is 
the voltage at which conductance is halfway between its maximum and minimum 
values (V0) and dx represents the change in conductance over the voltage 
range, a measure of voltage sensitivity. Xenopus laevis were maintained 
according to approved Clemson University Institutional Animal Care and Use 
Committee protocols. 
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